Background: Pah1p, a phosphatidate phosphatase in yeast, produces diacylglycerol for lipid synthesis. Results: Phosphorylation of Pah1p by protein kinase A inhibited membrane association, phosphatidate phosphatase activity, and triacylglycerol synthesis. Conclusion: Protein kinase A functioned in conjunction with Pho85p-Pho80p and Cdc28p-cyclin B kinases to regulate Pah1p. Significance: Lipid synthesis is regulated through multiple phosphorylations of Pah1p phosphatidate phosphatase.
PAP,
2 which was first identified in animal tissues by Kennedy and co-workers (1) , has emerged as a key enzyme in lipid metabolism that has a significant impact on obesity, lipodystrophy, and the metabolic syndrome (2) (3) (4) (5) . The enzyme catalyzes the Mg 2ϩ -dependent dephosphorylation of PA to yield DAG and P i ( Fig. 1) (1). The DAG generated in the reaction is used to synthesize TAG, as well as the major phospholipids PC and phosphatidylethanolamine (6 -8) . PA is also used for the synthesis of phospholipids via the liponucleotide intermediate CDP-DAG (6, 7) , and PAP activity has a negative regulatory effect on de novo phospholipid synthesis (9) . Thus, PAP being positioned at the PA branch point plays an important role in lipid synthesis (6 -8) .
The yeast Saccharomyces cerevisiae serves as an excellent model in elucidating the enzymological, kinetic, and regulatory properties of PAP (9 -14) . The PAH1 gene in S. cerevisiae was first identified to encode PAP (9) , and this discovery led to the identifications of homologous PAP-encoding genes in humans (9, 15) , mice (16, 17) , flies (18, 19) , worms (20) , and plants (21, 22) . All PAP orthologs 3 have in common the haloacid dehalogenase-like domain that contains a DXDX(T/V) catalytic motif and the NLIP domain found at the N terminus whose function is unclear ( Fig. 1) (4, 9, 16, 23) . Mutations of the conserved aspartate residues in the catalytic motif eliminate PAP activity and its physiological functions (23) .
A phenotypic characterization of yeast mutants defective in Pah1p PAP activity has revealed the importance of the enzyme in lipid metabolism and cell physiology. The pah1⌬ mutant, which has reduced levels of DAG and increased levels of PA, exhibits a great reduction in TAG and a significant increase in phospholipid content (9, 23, 24) . Elevated PA content also correlates with the induced expression of UAS INO -containing phospholipid synthesis genes (due to loss of Opi1p repressor function) and the aberrant expansion of the nuclear/ER membrane (9, (23) (24) (25) . Reduced DAG content correlates with defects in lipid droplet formation (26) and vacuole homeostasis and fusion (27) . The reduced ability to synthesize TAG renders PAP mutants acutely sensitive to fatty acid-induced toxicity (24) . In addition, loss of Pah1p causes a respiratory deficiency phenotype and sensitivity to growth at elevated temperature (9, 25) . Elevated Pah1p PAP activity is also deleterious to lipid homeostasis and cell physiology. For example, the overexpression of an unregulated form of PAP inhibits cell growth, and this can be attributed to the depletion of PA needed for phospholipid synthesis via CDP-DAG and to the accumulation of DAG to a toxic level (28 -30) . Because an excess as well as loss of PAP activity is detrimental to cell physiology, the enzyme should be fine-tuned to control lipid metabolism. Although PAP is regulated by nucleotides (e.g. inhibition by ATP and CTP) (13) and sphingoid bases (e.g. inhibition by phytosphingosine and sphinganine) (12) , the major mechanism for its regulation is through phosphorylation/dephosphorylation (28, 29, 31, 32) .
Pah1p is a peripheral membrane enzyme, and its membrane association is governed by its state of phosphorylation (29, 31, 32) . Pah1p is found in the cytosol as a phosphoprotein, which is recruited to the nuclear/ER membrane and dephosphorylated by the Nem1p-Spo7p phosphatase complex ( Fig. 1) (25, 29, 31, 33) . The dephosphorylation allows Pah1p to directly associate with the membrane via a short N-terminal amphipathic helix for interaction with its substrate PA and enzyme catalysis (31) . The inhibitory effect of phosphorylation on PAP activity and direct membrane association is mediated by multiple protein kinases (34) . Proteome-wide phosphorylation studies have shown that Pah1p is phosphorylated by the cyclin-dependent protein kinases Pho85p (35, 36) and Cdc28p (37) . These proline-directed Ser/Thr protein kinases are known to play roles in cell cycle progression, gene expression, macromolecular metabolism, and signaling in response to environmental conditions (38 -40) . Pho85p-Pho80p protein kinase-cyclin complex phosphorylates Pah1p on six serine residues and one threonine residue ( Fig. 1) (32) . These phosphorylations inhibit PAP activity, prevent its interaction with the membrane, and inhibit the synthesis of TAG (32) . Three of the sites phosphorylated by Pho85p-Pho80p are also phosphorylated by the Cdc28p-cyclin B complex (Fig. 1 ), but individually these phosphorylations have little effect on PAP function (29) . Collectively, however, the phosphorylations of the seven Ser/Thr-Pro sites play a major role in controlling the enzyme's function in lipid metabolism (28, 29, 32) .
In addition to the cyclin-dependent protein kinases, Pah1p is also phosphorylated by PKA (41) . PKA is the principal mediator of signals transmitted through the RAS/cAMP pathway in S. cerevisiae, and it plays a role in controlling cell metabolism, including phospholipid synthesis (42) (43) (44) . Herein, we identify the PKA phosphorylation sites in Pah1p (Fig. 1) . Using phosphorylation-deficient mutant enzymes, we show that phosphorylation of Ser-10, alone and in combination with the seven sites phosphorylated by Pho85p-Pho80p and Cdc28p-cyclin B, attenuated Pah1p PAP function in lipid synthesis.
EXPERIMENTAL PROCEDURES
Materials-Growth medium supplies were obtained from Difco. Qiagen was the supplier of the DNA gel extraction kit, plasmid DNA purification kit, and nickel-nitrilotriacetic acidagarose resin. The QuikChange site-directed mutagenesis kit, carrier DNA for yeast transformation, and enzyme reagents for DNA manipulations were obtained from Stratagene, Clontech, and New England Biolabs, respectively. PCR primers were prepared by Genosys Biotechnologies. DNA size ladders, molecular mass protein standards, and reagents for electrophoresis, Western blotting, and protein determination were purchased from Bio-Rad. IgG-Sepharose, PVDF paper, and the enhanced chemifluorescence Western blotting detection kit were from GE Healthcare. PKA catalytic subunit (bovine heart) was from Promega. Lipids and thin layer chromatography plates (cellulose and silica gel 60) were from Avanti Polar Lipids and EM Science, respectively. Radiochemicals were from PerkinElmer Life Sciences, and scintillation counting supplies and acrylamide solutions were from National Diagnostics. Alkaline phosphatase-conjugated goat anti-rabbit IgG antibodies, alkaline phosphatase-conjugated goat anti-mouse IgG antibodies, mouse anti-phosphoglycerate kinase antibodies, and rabbit anti-(phosphoserine/phosphothreonine) PKA substrate antibodies were from Thermo Scientific, Pierce, Invitrogen, and , NLIP domain, the haloacid dehalogenase (HAD)-like domain containing the DIDGT catalytic motif, and the serine (S) and threonine (T) residues that are phosphorylated by PKA (this study), Pho85p-Pho80p (32), and Cdc28p-cyclin B (29) . B, Pah1p in the cytosol is phosphorylated on sites (black circles decorating Pah1p) by multiple protein kinases. The phosphorylated enzyme is translocated to the nuclear/ER membrane (dotted arrow) for its dephosphorylation by the Nem1p-Spo7p phosphatase complex. The dephosphorylated membrane-associated form of Pah1p catalyzes the dephosphorylation of PA to generate DAG for the synthesis of TAG. The dotted line ellipse signifies the loss of Pah1p after catalysis (32) .
Cell Signaling Technology, respectively. Bovine serum albumin, phosphoamino acid standards, L-1-tosylamido-2-phenylethyl chloromethyl ketone-trypsin, protease inhibitors, and Triton X-100 were purchased from Sigma. All other chemicals were reagent grade or better.
Strains and Growth Conditions- Table 1 lists the Escherichia coli and S. cerevisiae strains used in this work. E. coli strains DH5␣ and BL21(DE3)pLysS were used for the propagation of plasmids and for the expression of yeast His 6 -tagged Pah1p, respectively. The bacterial cells were grown at 37°C in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl (pH 7)). For the selection of cells carrying plasmids for the expression of Pah1p, the growth medium was supplemented with ampicillin (100 g/ml) and chloramphenicol (34 g/ml) (45) . The expression of Pah1p in cells bearing PAH1 derivatives of plasmid pET15b was induced with 1 mM isopropyl ␤-D-thiogalactoside (9). S. cerevisiae strains SS1026 and SS1132 are pah1⌬ and pah1⌬ nem1⌬ mutants, respectively, and were used for the expression of wild type and phosphorylation-deficient forms of Pah1p. Yeast cells were grown in standard synthetic complete medium containing 2% glucose, and appropriate amino acids were omitted from the growth medium to select for cells carrying specific plasmids (46) . Synthetic complete growth medium lacking inositol and choline was prepared as described by Culbertson and Henry (47) . Growth of cultures (200 l) in 96-well plates was monitored with a Thermomax plate reader. The modified Gompertz equation (48) was used to calculate growth parameters. Cell numbers in liquid cultures were determined spectrophotometrically at an absorbance of 600 nm. The liquid growth medium was supplemented with agar (2% for yeast or 1.5% for E. coli) for growth on solid medium.
DNA Manipulations-Isolation of genomic and plasmid DNA, digestion and ligation of DNA, and PCR amplification of DNA were performed by standard protocols (49, 50) . The plasmids used in this study are listed in Table 2 . Plasmid pGH313 directs the isopropyl ␤-D-1-thiogalactopyranoside-induced expression of His 6 -tagged Pah1p in E. coli (9) , whereas plasmid pGH315 directs low copy expression of Pah1p in S. cerevisiae (29) . pGH313-1-752 and pGH313-1-646 were constructed by generating a nonsense mutation at codon 753 and codon 647, respectively, of pGH313. pGH313-18 -862 was constructed from pGH313 by replacing codons 1-17 with a start codon, and pGH313-235-752 was produced from pGH313-235-862 by replacing codons 753-862 with a stop codon. The derivatives of pGH313 and pGH315 that contain serine-to-alanine/aspartate mutations were constructed by QuikChange site-directed mutagenesis using appropriate templates and primers. Plasmids containing multiple missense mutations were constructed by the general strategies described previously (29) . All mutations were confirmed by DNA sequencing. Plasmid transformations of E. coli (49) and yeast (51) were performed as described previously.
Purification of Pah1p-His 6 -tagged wild type and mutant forms of Pah1p expressed in E. coli BL21(DE3)pLysS were purified by affinity chromatography using nickel-nitrilotriacetic acid-agarose (9, 45) . Pah1p was also purified from S. cerevisiae as described by O'Hara et al. (28) .
Preparation of Yeast Cell Extracts and Subcellular Fractionation-All steps were performed at 4°C. Yeast cell extracts were prepared by disruption of cells with glass beads (0.5 mm diameter) using a BioSpec Products Mini-BeadBeater-16 (52) . The cell disruption buffer contained 50 mM Tris-HCl (pH 7.5), 0.3 M sucrose, 0.15 M NaCl, 10 mM 2-mercaptoethanol, 0.5 mM phenylmethanesulfonyl fluoride, 1 mM benzamidine, 5 g/ml aprotinin, 5 g/ml leupeptin, and 5 g/ml pepstatin (9) . The cytosol (supernatant) and total membrane (pellet) fractions were separated by centrifugation at 100,000 ϫ g for 1 h (52). The membrane pellets were suspended in the cell disruption buffer to the same volume of the cytosol fraction. Protein concentration was estimated by the method of Bradford (53) using bovine serum albumin as the standard.
Phosphorylation of Pah1p by PKA-Phosphorylation reactions were performed in triplicate for 10 min at 30°C in a total volume of 20 l. The standard reaction mixture contained 25 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 2 mM dithiothreitol, 100 M [␥-
32 P]ATP (3,000 cpm/pmol), Pah1p (50 g/ml), and the indicated amounts of PKA. At the end of the phosphorylation reactions, samples were subjected to SDS-PAGE (54) . A unit of PKA activity was defined as the amount of enzyme that catalyzed the formation of 1 nmol of phosphorylated product/min.
Mass Spectrometry Analysis of Pah1p Phosphorylation SitesMass spectrometry analysis of phosphorylated Pah1p was performed at the Center for Advanced Proteomics Research of the University of Medicine and Dentistry of New Jersey, Newark. After trypsin digestion of phosphorylated Pah1p in SDS-polyacrylamide gel slices, peptides were analyzed by matrix-assisted laser desorption ionization tandem time-of-flight mass spectrometry to identify phosphopeptide candidates. Based on the phosphopeptide ion inclusion list, quadrupole time-of-flight and Orbitrap liquid chromatography-mass spectrometry/mass spectrometry were performed to identify phosphorylation sites (29) .
Phosphoamino Acid and Phosphopeptide Mapping AnalysesPhosphorylated (i.e. 32 P-labeled) Pah1p resolved in the SDSpolyacrylamide gel was transferred to a PVDF membrane and was subjected to acid hydrolysis with 6 N HCl at 110°C (for phosphoamino acid analysis) or to proteolytic digestion with L-1-tosylamido-2-phenylethyl chloromethyl ketone-trypsin (for phosphopeptide mapping analysis) (55) (56) (57) . Acid hydrolysates of Pah1p were mixed with standard phosphoamino acids and separated by two-dimensional electrophoresis on cellulose thin layer chromatography plates, whereas tryptic digests of Pah1p were separated by electrophoresis and TLC using cellulose thin layer chromatography plates (55) (56) (57) . Radioactive phosphoamino acids and phosphopeptides were visualized by phosphorimaging analysis, and standard phosphoamino acids were visualized with ninhydrin stain. (54) and Western blotting (58, 59) with PVDF membrane were performed by standard protocols. Rabbit anti-Pah1p antibodies (29) , rabbit anti-phosphatidylserine synthase antibodies (60) , and mouse anti-phosphoglycerate kinase antibodies were used at a concentration of 2 g/ml. Rabbit anti-(phosphoserine/ phosphothreonine) PKA substrate antibodies were used at a dilution of 1:1,000. Alkaline phosphatase-conjugated goat antirabbit IgG antibodies and goat anti-mouse IgG antibodies were used at a dilution of 1:5,000. Immune complexes were detected using the enhanced chemifluorescence Western blotting detection kit. Fluorimaging was used to acquire images from Western blots, and the relative densities of the images were analyzed using ImageQuant software. Signals were in the linear range of detectability.
SDS-PAGE and Western Blot Analysis-SDS-PAGE
Measurement of PAP Activity-PAP activity was measured by following the release of water-soluble 32 P i from chloroformsoluble [ 32 P]PA (10,000 cpm/nmol) (52). The 32 P-labeled PA used for the assay was enzymatically synthesized from DAG and [␥-32 P]ATP using E. coli DAG kinase (52) . The reaction contained 50 mM Tris-HCl (pH 7.5), 1 mM MgCl 2 , 0.2 mM PA, 2 mM Triton X-100, and enzyme protein in a total volume of 0.1 ml. All enzyme assays were conducted in triplicate at 30°C. The average standard deviation of the assays was Ϯ5%. The reactions were linear with time and protein concentration. A unit of PAP activity was defined as the amount of enzyme that catalyzed the formation of 1 nmol of product permin.
Labeling and Analysis of Lipids-Steady-state labeling of lipids with [2- 14 C]acetate was performed as described previously (61), and lipids were extracted from labeled cells by the method of Bligh and Dyer (62) . Lipids were analyzed by one-dimensional thin layer chromatography on silica gel plates (63) . The identity of radiolabeled TAG and total phospholipids on TLC plates was confirmed by comparison of its migration with that of standards after exposure to iodine vapor. Radiolabeled lipids were visualized by phosphorimaging analysis and were quantified using ImageQuant software.
Analyses of Data-Statistical analyses were performed with SigmaPlot software. The p values Ͻ0.05 were taken as a significant difference. The enzyme kinetics module of SigmaPlot software was used to analyze kinetic data according to the Michaelis-Menten and Hill equations.
RESULTS

PKA Phosphorylates Pah1p and Attenuates Its PAP Activity-
The phosphorylation of Pah1p with PKA was characterized using purified recombinant Pah1p and pure PKA catalytic subunit from bovine heart. By using Pah1p expressed in E. coli, we eliminated any prior phosphorylations that occur when the enzyme is expressed in yeast (28) . The mammalian protein kinase is structurally and functionally similar to the S. cerevisiae PKA catalytic subunit (64) and thus has been used to study the phosphorylation of several phospholipid synthesis proteins PAH1 (S10A/S677A/S773A/S774A/S788A) derivative of pGH315 This study pGH315-5D
PAH1 (S10D/S677D/S773D/S774D/S788D) derivative of pGH315 This study pGH315-7A PAH1 (S110A/S114A/S168A/S602A/T723A/S744A/S748A) derivative of pGH315 29 pGH315-S10A-7A PAH1 (S10A/S110A/S114A/S168A/S602A/T723A/S744A/S748A) derivative of pGH315 This study pGH315-S10D-7A PAH1 (S10D/S110A/S114A/S168A/S602A/T723A/S744A/S748A) derivative of pGH315 This study from yeast (60, (65) (66) (67) . The in vitro phosphorylation was measured by following the incorporation of the radioactive phosphate of [␥-32 P]ATP into Pah1p ( Fig. 2A) . The position of the phosphorylated Pah1p on SDS-polyacrylamide gels was confirmed by Coomassie Blue staining of the protein on the gel (Fig.  2A) . PKA is a serine/threonine-specific protein kinase (68) , and phosphoamino acid analysis indicated that the enzyme phosphorylates Pah1p only on a serine residue (Fig. 2B) .
Previous studies have shown that Pah1p isolated from S. cerevisiae is a phosphoprotein (28) . We sought evidence that some of this phosphorylation was mediated by PKA. To address this question, we made use of antibodies that are generated against a peptide containing phosphoserine/phosphothreonine within the PKA consensus motif (Cell Signaling Technology). Indeed, these antibodies recognized Pah1p isolated from yeast ( Fig. 2C) , which had been known to be phosphorylated in vivo on Ser-773 and Ser-774 (28) . These are two of the five sites that were found here to be targets of PKA in vitro (see below). To confirm that these antibodies recognized Pah1p phosphorylated by PKA, a Western blot was performed on purified recombinant wild type and 5A mutant (see below) enzymes that were incubated with PKA and ATP. The antibodies recognized wild type Pah1p phosphorylated with PKA but did not recognize the PKA-treated 5A mutant enzyme (Fig. 2C) . The electrophoretic mobility of the Pah1p isolated from yeast was slower than the enzyme isolated from E. coli (Fig. 2C ). This was due to the fact that in yeast Pah1p is phosphorylated by Pho85p-Pho80p and Cdc28p-cyclin B at Thr-723, an event that also causes a decrease in the electrophoretic mobility of the purified recombinant enzyme (32) .
PKA activity was further characterized to confirm that Pah1p was a bona fide substrate. The phosphorylation was dependent on the time of the reaction (Fig. 3A) and the amount of PKA used in the reaction (Fig. 3B ). In addition, the dependences of PKA activity on ATP and Pah1p followed saturation kinetics (Fig. 3C ) and positive cooperative kinetics (Fig. 3D) , respectively. The analysis of the kinetic data indicated that K m values for ATP and Pah1p were 4.4 and 0.44 M, respectively, and a Hill number for Pah1p was 1.9. At the point of maximum phosphorylation (Fig. 3) , PKA catalyzed the incorporation of 1 mol of phosphate/mol of Pah1p.
To examine the effect of PKA phosphorylation on PAP activity, the phosphorylated and unphosphorylated forms of Pah1p were assayed for enzyme dependence on the surface concentration of PA. The surface concentration of PA, as opposed to its molar concentration, was varied because PAP activity follows surface dilution kinetics (9, 11, 69) . Under the conditions of these experiments, PAP activity was independent of the molar concentration of PA (11). As described previously (9), the unphosphorylated enzyme showed positive cooperative (Hill number of 2.4) kinetics with respect to PA (Fig. 4A) . The PKA phosphorylation of Pah1p caused a decrease in PAP activity ( Fig. 4A ) with a reduction in V max and an increase in K m values (Fig. 4B) . Consequently, the phosphorylation of Pah1p by PKA caused a 1.8-fold decrease in its catalytic efficiency (Fig. 4B) . The phosphorylation, however, did not affect the cooperative behavior of PAP activity.
Ser-10, Ser-677, Ser-773, Ser-774, and Ser-788 in Pah1p Are Phosphorylated by PKA-A combination of mass spectrometry and mutagenesis was used to identify PKA phosphorylation sites in Pah1p. In an initial approach, full-length and truncated forms of recombinant Pah1p were phosphorylated with PKA and [␥-32 P]ATP and were subjected to phosphopeptide mapping analysis. The phosphopeptide map of full-length Pah1p showed multiple signals, indicating that PKA phosphorylated Pah1p at several sites (Fig. 5B, WT) . Analyses of the phosphopeptide maps derived from truncations at the N-and C-terminal ends of Pah1p indicated that one site is between amino acid residues 1 and 18 and the remaining sites are between amino acid residues 646 and 862 (Fig. 5B) .
The mass spectrometry analysis of peptides from the phosphorylated full-length protein identified Ser-773, Ser-774, and Ser-788 as phosphorylation sites. To confirm these sites, Pah1p with alanine mutations were expressed in E. coli, purified, phosphorylated with PKA, and subjected to phosphopeptide mapping analysis. Each of the three mutations (e.g. S773A, S774A, and S788A) affected the phosphopeptide map of Pah1p, and by comparing the maps of the wild type and mutant proteins, we could assign which sites were contained within the phosphopeptides present in the map of wild type Pah1p (Fig. 5C) . Four phosphopeptides could be attributed to Ser-773 and Ser-774, and the S773A/S774A double mutation eliminated the four phosphopeptides from the map. The maps of the individual mutations indicated that Ser-773 was the more heavily phosphorylated when compared with Ser-774. That multiple spots in the phosphopeptide map contained the same phosphorylation sites indicated incomplete proteolytic digestions.
Analysis of the full-length N-and C-terminal truncations and the S773A, S774A, and S788A mutants revealed there were additional sites that had not been identified by mass spectrometry. The unidentified sites were located between amino acid 1 and 18 and between 646 and 752 (Fig. 5B) . There are four serine residues (e.g. Ser-10, Ser-12, Ser-16, and Ser-17) between amino acids 1 and 18, none of which is contained within a PKA consensus sequence, whereas the 646 -752 region contains three putative PKA sites (Ser-677, Ser-692, and Ser-694). Alanine mutations of the seven residues were constructed, expressed in E. coli, and subjected to phosphopeptide mapping after phosphorylation with PKA. The only mutations that affected the phosphorylation of Pah1p were S10A and S677A. The phosphopeptides that contained Ser-10 and Ser-677 (Fig. 5B, WT) were missing in the phosphopeptide maps of the S10A and S677A mutant enzymes (Fig. 5C) .
The effects of each of the PKA phosphorylation site mutations on Pah1p phosphorylation and activity are shown in Fig. 6 . Each of the five single mutations caused a reduction in phosphorylation by 50 -66%, whereas the quintuple mutation (e.g. 5A mutation) abolished the phosphorylations by PKA (Fig. 6A) . The 5A mutation also eliminated the inhibitory effect that PKA had on PAP activity, and this effect was primarily attributed to the S10A mutation (Fig. 6B) .
Phosphorylation State of Ser-10 Alone and in Combination with the 7A Mutations Affects Cell Growth-Serine-to-alanine/ aspartate mutations were constructed for the five PKA phosphorylation sites to examine the physiological effects of phosphorylation deficiency/mimicry of Pah1p. The mutant proteins were expressed in both pah1⌬ NEM1 and pah1⌬ nem1⌬ mutant cells. In this way, we could examine the dependence of Pah1p function on Nem1p-Spo7p protein phosphatase activity. In addition, the expression of the phosphorylation site mutants in nem1⌬ affords examination of the mutations in a genetic background that favors phosphorylation of other nonmutated phosphorylation sites in Pah1p.
The pah1⌬ mutant exhibits a temperature-sensitive phenotype (e.g. loss of growth at 37°C) that reflects an important role of PAP activity in lipid metabolism (9, 23, 70) . The expression of wild type PAH1 in the pah1⌬ mutant allowed some growth on agar plates at 37°C, but the growth was more limited in the nem1⌬ mutant background (Fig. 7) (29) . This emphasized the importance of Nem1p-Spo7p phosphatase activity for normal PAP function in vivo (29) . The expression of PAH1 with the five alanine mutations alone and in combination did not have a major effect on the complementation of the pah1⌬ temperature-sensitive phenotype regardless of whether or not NEM1 was present (Fig. 7) . The five aspartate mutations did not affect the complementation of temperature sensitivity when NEM1 was present (Fig. 7A) . However, in the nem1⌬ mutant background, the S10D and 5D mutations did not permit growth on agar plates at 37°C (Fig. 7B) . The other four aspartate mutations alone and in combination were not distinguished from wild type PAH1 with respect to the complementation of growth at 37°C (Fig. 7B) . Thus, the lack of growth caused by the 5D mutations was attributed to the S10D mutation.
These results suggested that Nem1p-Spo7p dephosphorylates other sites to compensate for the loss of Pah1p function caused by the S10D mutation. Previous studies have shown that phosphorylation of Pah1p by Pho85p-Pho80p and Cdc28p-cyclin B on seven Ser/Thr-Pro sites is a major regulator of PAP function (32, 71) . Moreover, the expression of PAH1 with alanine mutations of the seven sites (7A) allowed for growth of pah1⌬ nem1⌬ mutant cells on agar plates at 37°C (Fig. 8B) , indicating that the 7A mutations can bypass the requirement of Nem1p-Spo7p for Pah1p PAP function (29, 31) . Thus, we decided to investigate the effects of mutations in Ser-10 in combination with the 7A mutations. When S10A ϩ 7A mutations were expressed in pah1⌬ and pah1⌬ nem1⌬ cells, the growth on agar plates at 37°C was attenuated when compared with the growth of cells expressing the 7A mutations alone (Fig. 7) . In fact, the growth of cells carrying these mutations appeared less at the permissive temperature of 30°C (Fig. 7) . Accordingly, growth was examined in more detail in liquid medium at 30°C (Fig. 8) . In the presence and absence of NEM1, the growth of cells expressing the S10A ϩ 7A mutations was reduced when compared with cells expressing wild type PAH1 and PAH1 with the S10A, S10D, S10D ϩ 7A, and 7A mutations. The S10A ϩ 7A mutations caused increases in both the lag time (pah1⌬ NEM1, from 5.9 Ϯ 0.1 to 9.9 Ϯ 0.1 h; pah1⌬ nem1⌬, from 6.6 Ϯ 0.1 to 9.5 Ϯ 0.1 h) and the generation time (pah1⌬ NEM1, from 4.8 Ϯ 0.2 to 6.0 Ϯ 0.1 h; pah1⌬ nem1⌬, from 4.4 Ϯ 0.2 to 5.4 Ϯ 0.1 h) when compared with wild type PAH1. However, by the time cells reached the stationary phase, the cell density of cells expressing the S10A ϩ 7A mutations was not significantly dif- ferent from the wild type control (Fig. 8) . This result indicated that the mutations affected Pah1p function during the exponential phase of growth.
We questioned if the growth defects caused by the S10A ϩ 7A mutations at 30°C could be overcome by supplementations with inositol and choline. We reasoned that if these mutations gave rise to a more active PAP enzyme, then PA would be channeled into DAG and TAG at the expense of phospholipid synthesis via the CDP-DAG pathway (72, 73) . At the same time, a reduction in PA levels would cause the translocation of the repressor Opi1p into the nucleus where it would inhibit the expression of INO1 (a key gene encoding an enzyme for inositol synthesis) and other UAS INO -containing phospholipid synthesis genes (72, 73) . Thus, the combination of inositol and choline would bypass the repression of INO1 and stimulate the synthesis of phosphatidylinositol and PC (via the Kennedy pathway) (44, 73) . In fact, the addition of inositol and choline did correct the slower growth caused by the S10A ϩ 7A mutations (Fig. 8) .
Phosphorylation State of Ser-10 in Combination with the 7A Mutations Affect the Abundance and the Localization of Pah1p-
The Pah1p levels of the phosphorylation site mutant enzymes expressed in pah1⌬ NEM1 and in pah1⌬ nem1⌬ cells were examined by Western blot analysis using anti-Pah1p antibodies. This analysis indicated that none of the serine-to-alanine/ aspartate mutations had a major effect on the abundance of Pah1p (data not shown). As described previously (32, 71) , the 7A mutations caused a decrease (30% in pah1⌬ NEM1 and 45% in pah1⌬ nem1⌬) in Pah1p abundance (Fig. 9) . The S10A mutation in combination with 7A caused a further reduction (28 and 25%, respectively) in Pah1p abundance. Conversely, Pah1p abundance in pah1⌬ NEM1 and pah1⌬ nem1⌬ cells expressing the S10D ϩ 7A mutations was similar to that observed for wild type Pah1p expressed in these cells (Fig. 9) . These data indicated that the S10D mutation had a stabilizing effect on the loss of abundance caused by the 7A mutations, whereas the S10A mutation enhanced the destabilizing effect of the 7A mutations.
The effects of the PKA phosphorylation site mutations on the localization of Pah1p were examined. In pah1⌬ NEM1 and pah1⌬ nem1⌬ cells, greater than 90% of wild type Pah1p was associated with the cytosolic fraction. This amount is slightly greater than that shown in our previous work (29, 32) . This may be explained by the fact that in this study we included 0.15 M FIGURE 7. Effects of PKA phosphorylation site mutations on the complementation of the pah1⌬ temperature-sensitive phenotype. The indicated wild type and phosphorylation site mutant forms of PAH1 were expressed in pah1⌬ NEM1 (A) and pah1⌬ nem1⌬ (B) cells. Serial dilutions (10-fold) of the cells were then spotted onto agar plates and were incubated at 30 and 37°C for 3-4 days. The data are representative of three independent experiments. FIGURE 8. S10A mutation in combination with the 7A mutations reduces growth in medium lacking inositol and choline. The indicated wild type and phosphorylation site mutant forms of PAH1 were expressed in pah1⌬ NEM1 (A) and pah1⌬ nem1⌬ (B) cells. Cells were grown in synthetic medium without (I Ϫ C Ϫ ) and with inositol and choline (I ϩ C ϩ ). Growth was monitored at A 600 nm . Each data point represents the average of three independent cultures, and the average S.D. for each data point was Ϯ3%. NaCl in the buffers to prevent nonspecific associations of Pah1p with membranes. None of the single mutations had a significant effect on the localization of Pah1p whether they were expressed in pah1⌬ NEM1 or pah1⌬ nem1⌬ cells. Consistent with our previous work (29, 32) , the 7A mutations caused an increase (175% in pah1⌬ NEM1 and 411% in pah1⌬ nem1⌬) in the association of Pah1p with membranes (Fig. 10) . In combination with the 7A mutations, S10A caused a further increase (32% in pah1⌬ NEM1 and 37% in pah1⌬ nem1⌬) in membrane association. However, the amounts of Pah1p associated with membranes of pah1⌬ NEM1 and pah1⌬ nem1⌬ cells expressing the S10D ϩ 7A mutations were 45 and 33% less, respectively, when compared with the cells expressing the 7A mutations (Fig. 10) .
Phosphorylation State of Ser-10 in Combination with the 7A Mutations Affect TAG Content-The effects of the PKA phosphorylation site mutations on the amounts of TAG were examined. Our analysis was performed at the stationary phase because this is the phase of growth where the effect of PAP on TAG content is most pronounced (9, 23, 24) . As described previously (29) , the TAG content of pah1⌬ nem1⌬ cells expressing wild type PAH1 was reduced by 5.8-fold when compared with pah1⌬ NEM1 cells expressing the wild type gene (Fig. 11A) . The reduction of TAG content in pah1⌬ nem1⌬ cells expressing wild type PAH1 was accompanied by a 35% increase in phospholipids (Fig. 11B) (29) . These observations further emphasized the importance of Nem1p-Spo7p-mediated dephosphorylation of Pah1p for PAP function in vivo (29) . In pah1⌬ NEM1 cells, the expression of the PKA phosphorylation site alanine/ aspartate mutant alleles had relatively minor effects on the amount of TAG (Fig. 11A) . However, the phosphorylation site mutations had more dramatic effects on TAG content when they were expressed in pah1⌬ nem1⌬ cells (Fig. 11A) . The S10A mutation caused a 57% increase in TAG content, whereas the S10D mutation caused a 37% decrease in TAG, and the difference in TAG between the S10A and S10D mutations was 2.5-fold. The effects of the 5A and 5D mutations on TAG content mirrored the effects of the S10A and S10D mutations, respectively, and the 4A and 4D mutations were not distinguished from the wild type control (data not shown). Thus, of the five PKA sites, the phosphorylation state of Ser-10 played the major role in regulating PAP function. In combination with the 7A mutations, S10A caused a 347% increase in TAG content when compared with the wild type control (Fig. 11A) . As described previously (29, 32) , the 7A mutations caused a 244% increase in TAG content, and the S10D mutation attenuated this effect by 20% (Fig. 11A) . The difference in the amount of TAG between the S10A ϩ 7A and S10D ϩ 7A mutations was 1.6-fold. Although the effects of the phosphorylation site mutations on the total phospholipid content were not great, there were correlations between the relative amounts of TAG and phospholipids of pah1⌬ nem1⌬ cells expressing the S10A and S10D mutations (Fig. 11B) . 
DISCUSSION
Pah1p PAP in yeast plays a crucial role in lipid homeostasis by controlling the relative proportions of its substrate PA and its product DAG (9, 24) . The imbalance of these lipid intermediates due to a defect in PAP activity results in a variety of cellular dysfunctions that include the misregulation of lipid synthesis, an abnormal expansion of the nuclear/ER membrane, defects in lipid droplet formation and vacuole fragmentation, and acute sensitivity to fatty acid-induced toxicity (9, (23) (24) (25) (26) (27) . Phosphorylation/dephosphorylation of Pah1p has emerged as a major mechanism by which its PAP activity is regulated in yeast. Phosphorylation is associated with the inhibition of PAP, whereas dephosphorylation is associated with its stimulation (28, 29, 32) . The stimulatory effect of dephosphorylation can be attributed to an increase in Pah1p PAP catalytic activity and to the translocation of the enzyme from the cytosol to the membrane where its substrate PA resides (9, 28, 29, 32) . Whereas the dephosphorylation of Pah1p is mediated by only one protein phosphatase (i.e. Nem1p-Spo7p complex), its phosphorylation is mediated by multiple protein kinases (28, 29, 32, 33, 41) .
Pah1p is a target for Pho85p-Pho80p, Cdc28p-cyclin B, Dbf2p-Mob1p, PKA, protein kinase C, and casein kinase II (25, 32, 35-37, 41, 71, 74) . In this work, we advanced the understanding of this complex regulation by characterizing the phosphorylation by PKA, identifying the sites of phosphorylation, and determining its biochemical and physiological relevance. Moreover, this work established that the phosphorylation by PKA functioned in conjunction with the phosphorylations of Pah1p by Pho85p-Pho80p and Cdc28p-cyclin B.
PKA utilized Pah1p as a substrate with high specificity having K m values for Pah1p and ATP within the micromolar range previously found for the phosphorylations by Pho85p-Pho80p and Cdc28p-cyclin B (29, 32) . The phosphorylation by PKA caused a decrease in PAP catalytic efficiency as reflected in a decrease in V max and an increase in K m values for PA. In addition, the phosphorylation by PKA causes a decrease in Pah1p interaction with PC-PA liposome membranes (41), supporting a negative regulatory role for the phosphorylation. We identified five sites of phosphorylation as follows: one site (i.e. Ser-10) was found within the amphipathic helix at the N terminus of Pah1p, and the remaining sites were located at the C terminus of the protein (Fig. 1) . Considering that five sites were targets of PKA, the stoichiometry of phosphorylation was only 1 mol of phosphate/mol of Pah1p. One explanation for this is that not all sites were phosphorylated to the same extent. For example, the phosphopeptide mapping experiments indicated that Ser-677 and Ser-773 were the most heavily phosphorylated sites when compared with the other sites. Another explanation might be that phosphorylation of one site inhibited the phosphorylation of another site (75) . The simultaneous mutations of the five sites to alanine (e.g. 5A mutations) eliminated the PKA-mediated phosphorylation of Pah1p and the inhibition of PAP activity. Although Ser-10 was not the most heavily phosphorylated site, its phosphorylation inhibited membrane association, PAP activity, and TAG synthesis. Ironically, the phosphorylation of Ser-10 stabilized Pah1p abundance. None of the other single site mutations affected these properties, but their phosphorylations might be a mechanism by which the phosphorylation and function of Ser-10 or other sites might be controlled. Whether the phosphorylation of Ser-10 specifically affected the function of the amphipathic helix will require additional studies.
Of the protein kinases known to phosphorylate Pah1p, Pho85p-Pho80p has the greatest effect on PAP function (32, 71) . The phosphorylation by this complex inhibits PAP activity, location, and function in lipid synthesis, as well as stabilizing enzyme abundance (32) . Cdc28p-cyclin B phosphorylates three of the sites phosphorylated by Pho85p-Pho80p (Fig. 1) , but the phosphorylation of the three individual sites does not impart much regulation (71) . The phosphorylation of Pah1p by PKA at Ser-10 had similar effects on PAP regulation as that of Pho85p-Pho80p, but the extent of the PKA-mediated regulation was not as great. However, in combination with the 7A mutations, the S10A and S10D mutations had greater effects. On the one hand, the S10A mutation enhanced the regulatory effects that the 7A mutations have on enzyme abundance, localization, and role in TAG synthesis. In fact, the enhanced effects of S10A on PAP function resulted in a slow growth phenotype during the exponential phase. This phenotype could be complemented by supplementations of inositol and choline indicating that increased PAP function with respect to TAG synthesis was detrimental to membrane phospholipid synthesis. A similar phenomenon has been described for cells that massively overexpress (GAL1/10-directed expression of a high copy number plasmid) the 7A mutations (28, 71) . However, in the present work, increased PAP function was governed by low copy expression of S10A ϩ 7A, emphasizing the importance of the PKA-mediated phosphorylation at Ser-10. On the other hand, the S10D mutation attenuated the positive effects 7A mutations have on Pah1p association with membranes and on the synthesis of TAG. S10D also reversed the destabilizing effect that the 7A mutations have on Pah1p abundance. It was also noteworthy that S10D mutation alone caused a loss of growth at 37°C when the mutant enzyme was expressed in the nem1⌬ mutant background. Collectively, these data indicated that the PKA-mediated phosphorylation of Ser-10 functions in conjunction with the phosphorylations mediated by Pho85p-Pho80p and Cdc28p-cyclin B and that phospho-Ser-10 should be dephosphorylated for proper PAP function. The paradoxical effects of phosphorylation/dephosphorylation on Pah1p abundance/ function appear to be an additional mechanism by which cells control the levels of PA and DAG to maintain lipid homeostasis.
PKA activity is associated with rapid cell growth, enhanced metabolic activity, and an increase in membrane phospholipid synthesis (42) (43) (44) . With respect to phospholipid synthesis, PKA phosphorylates and has positive effects on the activities/ functions of Cho1p phosphatidylserine synthase (60, 76) , Ura7p CTP synthetase (65, 77, 78) , and Cki1p choline kinase (66, 79) . The former and latter enzymes catalyze the committed steps in the synthesis of PC (most abundant phospholipid) via the CDP-DAG and Kennedy pathways, respectively (44, 73) . The essential CTP synthetase enzyme (80) provides the CTP required for PC synthesis via both biosynthetic pathways (44, 73) . In the exponential phase of growth, the synthesis of phospholipids occurs at the expense of TAG (81) . Thus, the PKA-mediated stimulation of these phospholipid biosynthetic activities coupled to the PKA-mediated inhibition of Pah1p PAP coordinates lipid synthesis during growth.
There are checks and balances in lipid metabolism whereby a biochemical form of regulation is counterbalanced by a transcriptional form of regulation (44, 73) . The PKA-mediated phosphorylation of Pah1p and that of the transcriptional repressor Opi1p (67) appear to be components of this form of regulation. Opi1p is tethered to the nuclear/ER membrane through interactions with Scs2p and PA (82, 83) . These interactions are destabilized when PA levels are reduced, a consequence that causes the translocation of Opi1p from the nuclear/ER membrane into the nucleus where it binds to Ino2p and attenuates the transcriptional activation of UAS INO -containing genes by the Ino2p-Ino4p complex (44, 72, 73, 83) . Pah1p PAP activity regulates PA levels and the transcriptional regulation of phospholipid synthesis gene expression. For example, loss of PAP activity and the elevation of PA content result in the derepression of UAS INO -containing genes (23, 25, 28) . CHO1 (encoding phosphatidylserine synthase) and CKI1 (encoding choline kinase) are UAS INO -containing genes (73) . Although the PKA-mediated phosphorylation of Pah1p inhibits PAP activity for elevated PA content, the phosphorylation of Opi1p at Ser-31 and Ser-251 by PKA stimulates its repressor activity (67) . How PKA stimulates Opi1p function is unknown, but the introduction of negative charges to Opi1p might destabilize its interaction with PA and/or Scs2p at the nuclear/ER membrane. Nonetheless, the PKA-mediated phosphorylations of Pah1p and Opi1p could work together in balancing lipid synthesis from the PA node in the pathways.
